vein graft torsion would lead to thrombosis in a rat model. To improve our understanding of the clinical reproducibility of practicing interpositional vein graft procedures in microsurgery training courses, this study aims to determine if vein graft torsion is a risk factor for vascular thrombosis in nonsurvival surgery rat models.
Methods Overview
All procedures described were in compliance with Columbia University's Institutional Animal Care and Use Committee. Interpositional vein grafts were performed using SpragueDawley rats divided into five cohorts with five rats per cohort for a total of 25 rats. The mean weight of the rats was 414 g (range, 358-530 g). Cohorts were labeled based on degree of vein graft torsion (0, 45, 90, 135, and 180 degrees). The rats were anesthetized with a combination of ketamine (70 mg/kg) and xylazine (5 mg/kg), and anesthesia was maintained via an intraperitoneal ketamine bolus. All surgeries were competed using a surgical operating microscope (Zeiss OPMI MD; Carl Zeiss; Jena, Germany) and 10-0 nylon sutures with a 135-degree taper (Surgical Specialties Corporation; Reading, PA). Heparinized saline was used to irrigate the vessels throughout the procedure, and 1% lidocaine solution was applied to relieve any vascular spasm. 
Preparing the Femoral Artery
After unilaterally shaving the inguinal region, an oblique incision was created along the inguinal fold to expose the femoral vessels. The inguinal fat pad was dissected and retracted laterally. The femoral artery was identified and dissected between the vastus medialis muscle and adductor longus muscles. All branches were ligated, cauterized, and transected. Single vascular clamps were applied to the femoral artery near the inguinal ligament (proximally) and the superficial epigastric branch (distally). A defect was created in the artery at the midline between the clamps, and the vessel ends were irrigated with heparinized saline, trimmed for adventitia, and dilated. If there were any branches near the midline of the artery, they were removed along with any accompanying vessel. The distance between the two arterial ends was controlled to be 7.0 AE 0.5 mm in this study. If the arterial ends did not retract this amount after the defect, additional vessel was removed from the arterial ends until the controlled distance was reached.
Harvesting the Vein Graft
Size mismatch between graft and recipient vessel ends is a cited risk factor for vascular thromobosis. 8 To avoid this issue, the superficial epigastric vein was used for the graft, as its diameter is similar to that of the femoral artery ($1 mm in diameter). After dissecting the epigastric vein, two marking sutures were placed on the same linear segment on the vein's surface at a distance of 5.0 AE 0.5 mm from each other. The tail of the distal marking suture was left long to identify the distal end of the vein graft. A ligating suture was then placed near the superficial epigastric branch (proximally), and another ligating suture was placed near the inguinal fat pad (distally). The vein graft was then harvested and irrigated with heparinized saline, trimmed for adventitia, and dilated. All vein grafts were controlled to be 7.0 AE 0.5 mm in length in this study.
Completing the Proximal Anastomosis
Rat veins do not have valves. 9 To accurately represent the presence of valves in the vein graft, the graft was reversed by identifying its distal end (where the marking suture was left long) and anastomosing it to the proximal arterial end. The anastomosis was completed following the method described by Cooley, which requires a total of eight interrupted circumferential sutures. 
Twisting the Vein Graft at the Distal Anastomosis
Torsion was created in the vein grafts at the distal arterial end by mismatching sutures placed between the proximal end of the vein graft and the distal arterial end. This procedure is outlined for all cohorts in ►Fig. 
Verifying Patency
After completing both the proximal and distal anastomoses and removing the clamps, the inguinal fat pad was placed over the vein graft for hemostasis for 2 minutes. Any leaks were revised by placing additional sutures as needed. Since our study's aim was to determine vein graft patency in the context of a microsurgery training course (where all procedures are performed on nonsurvival surgery rat models), patency was verified 2 and 24 hours postoperation via two techniquestransit-time ultrasound blood flow measurements and the empty-and-refill test. 11 For the blood flow measurements, flow probes were placed under the distal arterial end (►Fig. 5), and measurements averaging blood flow rates over 8 seconds were recorded (►Fig. 6). For the empty-and-refill test, two straight edge jeweler's forceps were placed adjacent to the distal anastomosis on the distal arterial end and used to occlude the vessel. While occluding the vessel, the forceps further from the anastomosis were transposed distally along the vessel to milk the artery, leaving a segment of empty artery between the two forceps. The forceps closer to the anastomosis were then released, allowing blood to refill the empty artery if the anastomosis was patent.
Results
All vein grafts were patent 2 and 24 hours postoperation. At 2 hours, the average blood flow rate measurements for 0, 45, 90, 135, and 180 degrees of torsion were 0.37 AE 0. 
Discussion
Torsion of vein grafts is a commonly indicated risk factor for vascular thrombosis in the clinical setting. [2] [3] [4] [5] [6] This thrombosis may occur due to the increased potential of graft kinking. 12 In our study, we did not find any increased risk of vascular thrombosis for twisted vein grafts in the acute postoperative period. Similarly, Endean et al found that torsion of 200 degrees or more reduced interpositional vein graft patency rates in canine models 6 months postoperation, 13 and Topalan et al found a 100% patency rate 1 week postoperation for torsion up to 360 degrees when performing microarterial anastomoses in rat models. 14 Hence, our results are consistent with previous studies in animal models, except that we elected to test vein graft patency in the acute postoperative period to accurately represent the shorter duration of the nonsurvival rat surgeries that are performed in microsurgery training courses. Previous studies in small animals have shown that thrombosis is most likely to occur in the first 15 to 20 minutes after completing an anastomosis, 15 and Bilgin et al found that for twisted microvenous anastomoses, those that were patent at 1-hour postoperation remained patent at 24 hours and 1 week postoperation. 16 For these reasons, patency tests at 2 and 24 hours postoperation were sufficient to determine the acute effects of torsion on vein graft patency for nonsurvival rat surgeries. There are many differences between the rat model and human patients that could explain why torsion has no effect on vein graft patency in rat models. One difference is the average cardiac product of rats and humans. While healthy rats and humans share similar systolic blood pressures of 120 mm Hg, the heart rate of Sprague-Dawley rats is significantly higher, ranging from 300 to 400 bpm in comparison to 60 to 100 bpm for humans.
17 This leads to a cardiac product that is approximately fivefold greater in rats, which may make it less likely for blood to become stagnant at kinked locations on a twisted vein graft, reducing the risk for thrombosis. Another difference is the dissection procedure followed in rat models versus human patients. In human patients, it is common to minimize dissection to reduce tissue damage and the potential of scarring, yet for interpositional vein graft exercises in rat models, the entire femoral artery is dissected, which significantly mobilizes the artery. This complete dissection is imperative for the exercise, as the increased mobility allows the arterial ends to retract and create an adequately sized defect for a vein graft. However, in our study, we found that this mobility also facilitated the dispersion of the torsion on the vein graft to the arterial ends, evidenced by the rotation of the branches on the arterial ends (►Fig. 4). This may have relieved any kinks in the vein graft that would have otherwise increased the risk for thrombosis. Similarly, Chang et al found that increased pedicle length decreased the effects of torsion in twisted perforator flaps in rats, 18 which supports our hypothesis that vein graft torsion can be better tolerated when distributed over a longer distance. These differences between rat models and human patients are important to highlight, especially in the context of microsurgery training courses, where surgeons practice microsurgery procedures on rat models to refine their clinical microsurgery skills. For example, previous studies have shown that rat veins do not have valves, 9 yet in our interpositional vein graft exercise, we emphasize to mark the proximal and distal end of the vein graft with marking sutures or surgical ink to reverse its orientation when beginning the anastomosis. Withholding this step would not lead to complications in a rat model, yet it would lead to an inaccurate representation of how the procedure is performed in humans. Similarly, if vein graft torsion is a risk factor for vascular thrombosis in the clinical setting, we suggest that instructors of microsurgery training courses emphasize the placement of marking sutures or surgical ink on the same linear segment on the vein graft's surface. These markings can then be used as a guide to reduce the risk of creating torsion in the vein graft, enhancing the clinical reproducibility and quality of training achieved when completing this procedure on rat models.
Conclusion
Torsion of up to 180 degrees does not affect early vein graft patency in rat models, yet is a potential risk factor for vascular thrombosis in the clinical setting. To improve the clinical reproducibility of practicing vein graft procedures in rat models, we suggest that instructors of microsurgery training courses assess the success of a completed vein graft not only on patency but also on the basis of any torsion in the vein graft. This is best done prior to clamp release, as once the clamps are released, any torsion becomes widely distributed along the graft and artery and is quite difficult to appreciate visually.
